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Abstract: Background: The aim of the present study was to evaluate the effects of post-activation
performance enhancement (PAPE) during successive sets of the bench press (BP) exercise under blood
flow restriction (BFR). Methods: The study included 10 strength-trained males (age = 29.8 + 4.6 years;
body mass = 94.3 + 3.6 kg; BP 1-repetition maximum (1RM) = 168.5 + 26.4 kg). The experiment was
performed following a randomized crossover design, where each participant performed two different
exercise protocols: under blood flow restriction (BFR) and control test protocol (CONT) without
blood flow restriction. During the experimental sessions, the study participants performed 3 sets of
3 repetitions of the BP exercise at 70%1RM with a 5 min rest interval between sets. The differences in
peak power output (PP), mean power output (MP), peak bar velocity (PV), and mean bar velocity
(MV) between the CONT and BFR conditions were examined using 2-way (condition X set) repeated
measures ANOVA. Furthermore, t-test comparisons between conditions were made for the set 2—set
1, set 3—set 1, and set 3—set 2 delta values for all variables. Results: The post hoc results for condition x
set interaction in PP showed a significant increase in set 2 compared to set 1 for BFR (p < 0.01) and
CONT (p = 0.01) conditions, a significant increase in set 3 compared to set 1 for the CONT (p = 0.01)
condition, as well as a significant decrease in set 3 compared to set 1 for BFR condition occurred
(p < 0.01). The post hoc results for condition X set interaction in PV showed a significant increase in
set 2 compared to set 1 for BFR (p < 0.01) and CONT (p = 0.01) conditions, a significant increase in set
3 compared to set 1 for CONT (p = 0.03) condition, as well as a significant decrease in set 3 compared
to set 1 for BFR condition (p < 0.01). The t-test comparisons showed significant differences in PP
(p <0.01) and PV (p = 0.01) for set 3—set 2 delta values between BFR and CONT conditions. Conclusion:
The PAPE effect was analyzed through changes in power output and bar velocity that occurred under
both the CONT and BFR conditions. However, the effects of PAPE have different kinetics in successive
sets for BFR and for CONT conditions.

Keywords: upper limb resistance exercise; power output; bar velocity; occlusion; performance

1. Introduction

The ability to generate high power outputs is one of the most significant factors determining
performance in numerous sport disciplines. The increase in power output observed during and
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directly after resistance exercises is termed post-activation performance enhancement (PAPE) [1].
Previous studies have shown a ergogenic effect of initial muscle activation on power output in
consecutive sets of a single resistance exercise [2,3] in addition to a stimulating effect of initial muscle
activation on effectiveness of throwing, jumping, and hitting movements as well on the time under
tension during exercise performed to volitional failure [4-7]. The physiological rationale for PAPE
is a greater contractibility and excitability of muscles due to several mechanisms [2,8]. The rationale
for this phenomenon might be related to residual of post-activation potentiation (PAP) in its earliest
stages after a conditioning activity (CA) and other mechanisms such as enhanced muscle activation,
increased muscle temperature and muscle force, and/or increased shortening velocity triggered by
fiber water content [8].

Most studies that have analyzed the acute effects of PAPE on power output have considered
training components such as external load, number of sets and repetitions, as well as the duration of
rest intervals between particular sets and between the conditioning and explosive exercise [5,9-11].
Regarding the intensity a wide range of loads have been found to potentiate subsequent performance
(40-90% 1-repetition maximum (1RM)) [12-15]. In addition to the applied external load, the number of
sets during the conditioning activity also have a significant impact on PAPE [3,16]. One of the newly
introduced training means in resistance exercise includes occlusion, which is better known as blood
flow restriction (BFR) [17]. The BFR technique involves the use of a tourniquet, inflatable cuff, or elastic
wraps [18,19]. The compression is placed at the upper part of the limb to reduce arterial blood flow
and to occlude venous blood flow during physical exercise [17]. The main mechanisms responsible
for the adaptive responses related with exercise under BFR include increased mechanical tension
and elevated metabolic stress [20]. Although the exact mechanisms remain unknown, most evidence
seems to allude to a muscle cell swelling response and the indirect effect of metabolites, instigating an
increased muscle activation through fatigue [21]. Further, the exercise under BFR resulted in greater
muscle cross-sectional area, isometric strength, and 1RM performance [22]. Application of BFR acutely
increases muscle swelling due to fluid shifts [18]. Given that myofibrillar fluid shifts can increase
muscle fiber force and shortening velocity and, thus, power, this mechanism can increase effectiveness
of PAPE [8]. Furthermore, Wilk et al. [23] suggest that not only the physiological responses but also
mechanical work generated by the cuff can potentially cause acute positive changes during resistance
exercise under BFR. Currently only few previous studies have compared the effects of high load
resistance training under BFR conditions [23-26], and only one refers to acute changes in power
output [23]. The study by Wilk et al. [23] showed that short-term BFR increases power output and bar
velocity during the bench press (BP) exercise.

While PAPE alone offers an attractive and practical means for conditioning coaches to elicit an
increase in performance, the additional use of BFR during resistance training can additionally enhance
the PAPE effect. Considering this, numerous studies have attempted to determine optimal variables of
resistance training that would maximize PAPE [3,27,28]. However, none of them relate to the acute
changes in power output following successive sets of resistance exercise under BFR. Due to the fact that
short-term BFR significantly increases the power output and bar velocity [23], the aim of the present
study was to evaluate the effects of BFR on power output and bar velocity between successive sets of
the BP exercise. We hypothesized that the PAPE effect occurs during successive sets of the BP exercise
under BFR.

2. Methods

The experiment was performed following a randomized crossover design, where each participant
performed two different exercise protocols: under BFR with a 10 cm cuff (BFR) and a control test
protocol (CONT) without BFR. The entire research procedure lasted 4 weeks with a one-week interval
between each trial. During the experimental sessions, the study participants performed 3 sets of the BP
exercise of 3 repetitions at 70% of 1RM with a 5 min rest interval between sets at maximum speed.
The following variables were registered: peak power output (PP), mean power output (MP), peak bar
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velocity (PV), and mean bar velocity (MV). All testing sessions were performed in the Strength and
Power Laboratory at the Academy of Physical Education in Katowice.

2.1. Participants

Ten healthy males who were experienced in resistance training (12.7 + 6.8 years) volunteered
for the study (age = 29.8 + 4.6 years; body mass = 94.3 + 13.6 kg; BP 1RM = 168.5 + 26.4 kg; mean
+ SD). The inclusion criterion was a BP personal record with a load of at least 120% body mass.
The participants were instructed to maintain their normal dietary habits over the course of the study
and not to use any supplements or stimulants for the duration of the experiment. All participants
were required to refrain from resistance training 72 h prior to each experimental session, and were
informed about the benefits and potential risks of the study before providing their written informed
consent for participation. The participants could withdraw from the experiment at any moment of
the study. The study protocol was approved by the Bioethics Committee for Scientific Research at the
Academy of Physical Education in Katowice, Poland (no. 02/2019), and performed according to the
ethical standards of the latest version of the Declaration of Helsinki, 2013.

2.2. Familiarization Session and One Repetition Maximum Test

Two weeks before the main experiment, the participants took part in familiarization sessions
consisting of 4 sets of 3 repetitions of the BP at 50%1RM with BFR with cuff pressure set to the value of
~60% full arterial occlusion pressure (AOP).

One week before the main experiment, all participants performed the 1RM BP test. The general
warm-up before the 1RM test consisted of cycling on an ergometer for 5 min, followed by several
push-ups, pull-ups, and dynamic stretching of the upper body. Next, the participants performed
15, 10, and 5 BP repetitions using 20%, 40%, and 60% of their estimated 1RM, respectively. For the
evaluation of 1RM, the loading started at 80% estimated 1RM, and was increased by 2.5 to 10 kg for each
subsequent attempt, and the process was repeated until failure. During the 1RM test, the participants
executed single repetitions with a constant movement tempo (2 s duration of the eccentric phase,
maximal speed in the concentric phase) [29,30] and a 5 min rest interval between successful attempts.
Hand placement on the bar was set at 150% bi-acromial distance.

2.3. Experimental Sessions

In a randomized, crossover fashion, the participants performed the BP exercise at 70%1RM either
with BFR (BFR) or without BFR (CONT). The general and specific warm-up for the experimental
sessions was identical to the one used during the 1RM test. After the warm-up, the participants started
the main protocol and performed 3 sets of 3 repetitions of concentric and eccentric contractions at
maximal tempo of movement with a 5 min rest interval between sets. The repetitions were performed
without intentionally pausing at the transition between the eccentric and concentric phases. A linear
position transducer system (Tendo Sport Machines, Trencin, Slovakia) was used for the evaluation of
bar velocity. The Tendo Power Analyzer is a reliable system for measuring movement velocity and
power output (commercially calibrated) [31]. The measurement was made independently for each
repetition and automatically converted into values of peak power output (PP), mean power output
(MP), peak velocity (PV), and mean velocity (MV). The mean power output and bar velocity were
obtained as the mean of the three repetitions. Peak power output and peak bar velocity were obtained
from the best repetition.

2.4. Blood Flow Restriction

The participants wore occlusion cuffs at the most proximal region of both arms during experimental
sessions. During the exercise protocol with BFR, Smart Cuffs (10 cm width) produced by Smart Tools
Plus LLC, Strongsville, USA were applied to the upper limbs. In order to determine the individual
occlusion pressure, the value of full AOP at rest was determined. The measurement was conducted
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twice on each limb, and the obtained differences were within 20 mmHg [32]. The average value was
then used to set the cuff pressure for the exercise protocol. The pressure of the cuff for BFR condition
was set to ~90% of full AOP (152 mmHg + 11.4 for BFR) [23]. The level of vascular restriction was
controlled by a handheld Edan SD3 Doppler (Edan Instruments, Shenzen, China). During the BFR
condition, the restriction was set immediately before the onset of exercise and released following the
completion of the third repetition [23].

2.5. Statistical Analysis

All statistical analyses were performed using Statistica 9.1 (Hillview, Palo Alto, CA, USA) and
were presented as means with standard deviations. The Shapiro-Wilk and Mauchly’s tests were used
in order to verify the normality/homogeneity and sphericity of the sample data variances, respectively.
Verification of differences between CONT and BFR conditions in PP, MP, PV, and MV was performed
using a two-way 2 X 3 (condition X set) analysis of variance (ANOVA) with repeated measures.
Statistical significance was set at p < 0.05. In the event of a significant main effect, post hoc comparisons
were conducted using Tukey’s test. Furthermore, t-test comparisons between conditions were made
for the set 2—set 1, set 3—set 1, and set 3—set 2 delta values for all variables. Additionally, independent
sample t-tests were used to verify the differences between successive sets independently for BFR
and CONT conditions as well as differences in individual sets between BFR and CONT conditions.
Percent changes and 95% confidence intervals were also calculated. Effect sizes (Cohen’s d) were
reported where appropriate. Parametric effect sizes (ES) were defined as large d > 0.8; moderate
between 0.79 and 0.5; small between 0.49 and 0.20; and trivial as <0.2 [33].

3. Results

The two-way repeated measures ANOVA indicated significant condition X set interaction effect
for PP (p = 0.01) and PV (p = 0.03). There was no significant condition X set interaction effect for MP
(p = 0.08) and MV (p = 0.11). Furthermore, there was a significant main effect of condition in PP, MP,
PV and MV.

The post hoc results for condition x set interaction in PP showed a significant increase in set
2 compared to set 1 for BFR (p < 0.01) and CONT (p = 0.01) conditions, a significant increase in
set 3 compared to set 1 for the CONT (p = 0.01) condition, as well as a significant decrease in set
3 compared to set 1 for BFR condition (p < 0.01). The post hoc results for the condition X set interaction
in PV showed a significant increase in set 2 compared to set 1 for BFR (p < 0.01) and CONT (p = 0.01)
conditions, a significant increase in set 3 compared to set 1 for CONT (p = 0.03) condition, as well as a
significant decrease in set 3 compared to set 1 for BFR condition (p < 0.01). Further, the post hoc results
for the condition X set interaction in PP and PV showed a significant increase in set 1, set 2, and set
3 for BFR compared to CONT condition p < 0.01 for all; Table 1; Figures 1-4).

The post hoc results for the main effect of particular conditions showed a significant increase in
PP (792 vs. 965 W), MP (559 vs. 667 W), PV (0.62 vs. 0.74 m/s), and MV (0.46 vs. 0.53 m/s) for BFR
when compared to the CONT (p < 0.01 for all).

The t-test comparisons for delta values showed significant differences in PP (p < 0.01) and PV
(p = 0.01) for set 3—set 2 between BFR and CONT conditions (Table 2).

The results of the t-test used to compare differences between sets and between conditions are
presented in Tables 3 and 4.
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Table 1. Power output and bar velocity in 3 successive sets of the bench press exercise under CONT

and BFR conditions.
Set1 Set 2 Set 3
Peak Power Output (W)
CONT 753 £ 6 809 + 100 813 +93
(95% CI) (708 to 799) (738 to 880) (746 to 879)
BFR 938 + 82 1011 + 103 946 + 105
(95% CI) (879 to 996) (938 to 1085) (871 to 1021)
Mean Power Output (W)
CONT 546 + 55( 570 £ 6 561 + 79
(95% CI) 507 to 585) (522 to 617) (505 to 617)
o 657 =92 687 + 105 658 + 86
BFR(95% CI) (591 to 723) (611 to 762) (596 to 719)
Peak Bar Velocity (m/s)
CONT 0.58 + 0.09 0.64 +£0.10 0.63 £ 0.09
(95% CI) (0.52 to 0.64) (0.56 to 0.71) (0.56 to 0.69)
BFR 0.73 + 0.06 0.78 +£0.08 0.73 £0.10
(95% CI) (0.68 t0 0.77) (0.72 t0 0.83) (0.65 to 0.80)
Mean Bar Velocity (m/s)
CONT 0.42 + 0.08 0.43 + 0.07 0.43 + 0.06
(95% CI) (0.36 to 0.48) (0.38 t0 0.48) (0.38 to0 0.47)
BFR 0.52 = 0.07 0.55 + 0.08 0.51 = 0.08
(95% CI) (0.47 t0 0.57) (0.49 to 0.60) (0.46 to0 0.57)

CONT—control condition; BFR—blood flow restriction condition.
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Figure 1. Mean power output for the BFR and CONT conditions during three successive sets of the
bench press exercise.
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Figure 2. Peak power output for the BFR and CONT conditions during three successive sets of the
bench press exercise.
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Figure 3. Mean bar velocity for BFR and CONT conditions during three successive sets of the bench

press exercise.
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Figure 4. Mean bar velocity for BFR and CONT conditions during three successive sets of the bench
press exercise.

Table 2. The comparison of differences in particular sets between BFR and CONT conditions.

Mean 95% CI for
Bench Press CONT BFR Difference Difference 4 ES
Differences between sets Mean Power Output
Set 2—set 1 23.7 £28.2 29.1 £ 16.5 5.4 —27.43 t0 16.63 0.59 0.23
Set 3—set 1 15.1 +48.4 0.5+27.3 14.6 —34.5 t0 63.6 0.52 0.37
Set 3—set 2 -8.6 £24.8 —28.6 + 34.8 20.0 -12.6 to 52.6 0.20 0.66
Differences between sets Peak Power Output
Set 2—set 1 55.7 + 40.7 73.7 £ 56.8 18.0 —54.5t018.5 0.29 0.36
Set 3—set 1 59.2 +44.2 87+71.1 50.5 -10.1to 111.1 0.09 0.85
Set 3—set 2 35+£299 —65.0 + 39.4 68.5 24.8 to 112.2 0.01* 1.96
Differences between sets Mean Bar Velocity
Set 2—set 1 0.015 + 0.025 0.028 + 0.019 0.013 —0.034 to 0.008 0.20 0.59
Set 3—set 1 0.007 + 0.058 -0.007 + 0.020 0.014 -0.039 to 0.067 0.57 0.32
Set 3-set 2 —0.008 + 0.040 -0.035 + 0.033 0.027 —0.014 to 0.068 0.17 1.15
Differences between sets Peak Bar Velocity
Set 2-set 1 0.054 + 0.033 0.053 + 0.029 0.001 -0.029 to 0.031 0.94 0.03
Set 3-set 1 0.042 + 0.037 -0.001 + 0.053 0.043 —0.004 to 0.089 0.07 0.94
Set 3-set 2 -0.012 + 0.017 -0.054 + 0.037 0.042 0.006 to 0.078 0.03* 146

Mean =+ standard deviation (SD); * statistically significant difference p < 0.05; CONT—control condition; BFR—blood
flow restriction condition.

Table 3. A comparison between particular sets of the bench press exercise based on t-test results.

Peak Power Output Mean Power Output Peak Velocity Mean Velocity

Bench Pr Mean Effect Mean Effect Mean Effect Mean Effect

enc ess Difference Size  Difference Size  Difference P Size  Difference Size

CONT
Set2 vs. Set 1 74 0.01* 067 24 0.03* 040 0.06 0.01*  0.63 0.01 0.09 0.13
Set 3 vs. Set 1 78 0.01* 076 15 0.35 0.22 0.05 0.01* 055 0.01 0.71 0.14
Set 3 vs. Set 2 4 0.72 0.04 9 0.30 0.12 0.01 0.06 0.10 0.00 0.54 0.00
BFR

Set2 vs. Set 1 73 0.01* 0.78 30 0.01*  0.30 0.05 0.01* 071 0.03 0.01* 040
Set 3 vs. Set 1 8 0.71 0.08 1 0.95 0.01 0.00 0.95 0.00 0.01 0.30 0.13
Set 3 vs. Set 2 65 0.01* 0.62 29 0.03*  0.30 0.05 0.01* 055 0.04 0.01* 050

Mean =+ standard deviation (SD); * statistically significant difference p < 0.05; CONT—control condition; BFR—blood
flow restriction condition.
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Table 4. A comparison in individual sets between conditions based on t-test results.

Peak Power Output Mean Power Output Peak Velocity Mean Velocity
Mean Effect Mean Effect Mean Effect Mean Effect
Difference p Size  Difference p Size  Difference p Size  Difference p Size
CONT vs. BFR
Set 1 185 0.01* 3.18 111 0.01* 1.46 0.15 0.01* 1.96 0.10 0.01* 1.33
Set 2 202 0.01* 1.99 117 0.01* 1.57 0.14 0.01* 1.55 0.12 0.01* 1.60
Set 3 133 0.01* 1.34 97 0.01* 1.17 0.10 0.01* 1.05 0.08 0.01* 1.13

Mean =+ standard deviation (SD); * statistically significant difference p < 0.05; CONT—control condition; BER—blood
flow restriction condition.

4. Discussion

The main finding of the study was that the PAPE effect can occur during the BP exercise under
BFR. The results showed that the PAPE effect analyzed by changes in PP and PV occurred under
both the CONT as well as BFR conditions. However, based on the direct analysis of changes between
particular sets, significant differences were observed in result of set 3—set 2 between CONT and BFR
conditions. Furthermore, the results of the present study show significant increases in power output
and bar velocity during the BP exercise for the BFR condition compared to the CONT condition, which
confirms previous results [23].

The main goal of this study was to evaluate the changes in power output and bar velocity between
successive sets of the BP exercise, with and without BFR. This is the first study to address the effect of
PAPE during high load resistance exercise under BFR which limits the possibility of comparing our
results to other studies. Previous research has shown that resistance exercise under BFR increases
metabolic stress compared to traditional resistance training [34]. However, most studies with BFR
relate to chronic adaptive changes [34-36]. Only the study by Wilk et al. [23] analyzed acute changes
in power output and bar velocity between exercises performed without and under BFR. The study
of Wilk et al. [23] showed that short-term and high-pressure BFR increased power output and bar
velocity during the BP compared to exercise without BFR. To date, two studies [37,38] examined the
use of BFR on PAPE. In the study by Cleary and Cook [38], the use of BFR (60%AOP) led to diminished
vertical jump performance after a CA at 30%1RM, while Miller et al. [37] showed increased vertical
jump height after a 10 s maximal isometric deadlift combined with BFR. However, in both studies,
BFR was used only during the CA and was removed for the post-activation exercise. Previous studies
showed that the main adaptive changes during exercise with BFR are related to increased metabolic
stress [35,36]. The increased metabolic stress following exercise with BFR results from the accumulation
of metabolic products of physical activity in the part of the limb that is restricted from blood flow [24,39].
However, the increase in metabolic stress following exercise with BFR probably does not refer to
short-term occlusion [23], as has been conducted in the present study. The occlusion applied in our
experiment lasted only a few seconds (3 repetitions; maximal tempo of movement; ~5 s) during each
set of the BP exercise. The short duration of the effort was dictated by the predominance of anaerobic
metabolism; therefore, the metabolic stress associated with training under BFR conditions was probably
not very intense.

Interestingly, a detailed analysis of the differences between particular sets indicated that
the PAPE effect has different kinetics between particular sets for the BFR and CONT conditions.
Significantly different kinetics for BFR and CONT conditions were observed in PP and PV values
between set 3 and set 2. For the BFR condition, PP and PV were increased in set 2 compared to set
1, and decreased in set 3 compared to set 2. However, the decrease was not observed in the CONT
condition. It is possible that benefits from a more pronounced PAPE in set 2 in the BFR condition could
be counterbalanced by more pronounced muscle exhaustion in set 3. The short-term BFR increased
the absolute value of power output and bar velocity during the BP exercise [23], however, such an
increase of performance may promote greater fatigue which, as a consequence, may cause a decrease
in power and related variables in subsequent sets of the exercise, as observed in the present study.
However, despite the observed significant decrease in PP and PV in set 3—set 2 for the BFR condition,
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the absolute value of power output and bar velocity was still significantly higher when compared to
the CONT condition, which suggests the BER is an effective tool in acute enhancement of power output
and bar velocity during several sets of the BP exercise.

These results indicated that short-term, high-pressure BFR has a significant impact on the level
of acute changes during resistance exercise. The results of our study are partially consistent with
findings presented by Morales-Artacho et al. [16] and Wilk et al. [3], who documented increases in
power output during a resistance exercise in the second set compared to the first. However, contrary to
Morales-Artacho et al. [16] and Wilk et al. [3], we also observed significant increases in power output
and bar velocity in the third set compared to first and, thus, the BFR condition did not show such an
significant advantage. The ratio of the duration of the effort during the rest interval is an important
factor in PAPE exercise protocols [3,9,40]. An optimal rest interval should ensure the optimal balance
between fatigue and potentiation [3,9]. Wilk et al. [3] showed that longer duration of repetitions limit
PAPE effectiveness in successive sets due to insufficient rest and accumulated fatigue. Therefore, it can
also be assumed that during the BFR condition, the lack of PAPE benefit in set 3—set 2 may be associated
with an insufficient rest interval and fatigue. The higher absolute values of power output and bar
velocity during the BER condition as well as the fact that blood flow restriction may potentially promote
greater fatigue may indicate the need for a longer rest interval between activation and potentiation [3,9].
Nevertheless, there are no data and guidelines for optimizing the rest interval for increased power
performance during exercise under BFR, which requires further research.

To induce the PAPE effect, it is necessary to use high loads [9-12]. A combination of high loading
(70%1RM) and BFR with high pressure (90%AOP) is not compatible with the recommendations of
Patterson et al. [32]. Furthermore, Counts et al. [41] showed that higher relative pressures (90%AQOP)
may not be necessary when exercising under BER. However, it should be noted that during the present
study, we used intermittent and not continuous occlusion. Furthermore, the occlusion applied lasted
only a few seconds during a set (~15 s for the whole training session), while the recommendations
by Patterson et al. [32] for resistance exercise under BFR assume a restriction time of 5-10 min with
reperfusion between exercises, not between sets. Currently, there are no guidelines for determining
the optimal pressure as well as the time of restriction for exercise under BFR when the goal is acute
increases of strength or power performance. Furthermore, a recent study by Wilk et al. [42] has
shown the positive effect of extremely high pressure (150%AOP) on acute strength and strength
endurance performance enhancement. This study suggested that not only BFR but also external
muscle compression and mechanical energy generated by the cuff may be an important factor in the
effectiveness of occlusion during the resistance exercise [23].

The type of exercise chosen for the study protocol may be a factor determining the level of acute
changes during resistance exercise under BFR. In the present study, muscle occlusion was used at the
upper limb (arms), while the main muscles involved in the BP are the pectoralis major and anterior
deltoid [43]. The triceps brachii muscle shows high activity during BP [43], but BFR in this area does
not affect the changes taking place in the pectoralis major and deltoid muscles, the two other primary
muscles involved in the BP exercise. Despite the fact that Yasuda et al. [44] suggested that BP training
under BFR also leads to an increase in muscle size in the area of the chest muscles, the presented
results were related to acute and not chronic responses. Therefore, it can be assumed that the use of a
long-term training program or another exercise, especially an exercise involving only those muscles
that are occluded, could cause different, even conflicting results to those presented in this study.

The present study has some limitations which should be addressed. Although the results showed
that the PAPE effect occurred during resistance exercise under BFR, the direct causes of these changes
cannot be determined and explained. There was no analysis of direct physiological changes that would
be the basis for explaining the obtained results. Furthermore, it is possible that the BFR increases local
blood volume and therefore increases skin temperature [45], which may be related to performance
enhancement [46,47]; however, skin temperature was not recorded in our study. Finally, the results
of our study refer only to PAPE effects of the upper limbs during the BP exercise, and only to the
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cuff pressure used, and cannot be translated into other exercises, volumes, or intensities nor other
occlusion pressures. Therefore, further research is required, especially in assessing the acute impact
of continuous and intermittent BFR on the PAPE, during different training protocols as well as with
different cuff pressures.

Practical Implications

The short-term BFR increases power output and bar velocity during the BP exercise compared to
CONT conditions. Such an acute increase under BFR conditions compared to the CONT occurred in
all three sets of the BP exercise. However, there are differences in the kinetics of power output and bar
velocity changes between BFR and CONT conditions especially in the difference between set 3 and
set 2. Under BFR, we observed an increase in the second set compared to the first, but in the third
set, the power decreased compared to the second set. On the contrary, in the CONT condition, power
output and bar velocity were maintained in the third set compared to the first. Therefore, given a real
exercise program, the use of BFR and its effect on the increase in acute power performance should be
controlled by measuring devices in order to individually adjust the optimal number of sets and time
interval to the induced PAPE. Furthermore, even if an increase in power output and bar velocity occurs
as a result of BFR, this effect may not necessarily translate into long-term effects or may even hinder
performance. The frequent use of BFR can impair the muscle structure directly in the region under the
cuff, which can decrease sport performance and increase the risk of injury [48,49]. Therefore, resistance
exercise under BFR should be used occasionally and be well periodized.

5. Conclusions

This study demonstrated that the PAPE effect occurs during successive sets of the BP exercise under
BER at 70%1RM. However, compared to the CONT condition, we observed different kinetics of power
output and bar velocity changes during successive sets of the BP exercise. Therefore, the application
BFR during resistance training can introduce, a new, additional tool in the development of power
output, which opens opportunities for modification of strength training programs, particularly in
elite athletes.

Author Contributions: Conceptualization, M.W.; Data curation, M.K., A.F. and A.S.; Formal analysis, M.W.,;
Investigation, M.\W., M.K., A.F. and A.S.; Methodology, M.W. and A.S.; Software, M.K. and A.F.,; Supervision,
M.W. and A.Z.; Writing—original draft, M.W., M.K. and A.F,; Writing—review & editing, M.W., R.G.L. and A.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported and funded by the statutory research of the Jerzy Kukuczka Academy of
Physical Education in Katowice, Poland.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Cuenca-Fernandez, F; Smith, I.C.; Jordan, M.].; MacIntosh, B.R.; Lépez-Contreras, G.; Arellano, R.; Herzog, W.
Nonlocalized postactivation performance enhancement (PAPE) effects in trained athletes: A pilot study.
Appl. Physiol. Nutr. Metab. 2017, 42, 1122-1125. [CrossRef] [PubMed]

2. Tillin, N.A.; Bishop, D. Factors Modulating Post-Activation Potentiation and its Effect on Performance of
Subsequent Explosive Activities. Sports Med. 2009, 39, 147-166. [CrossRef] [PubMed]

3. Wilk, M,; Krzysztofik, M.; Drozd, M.; Zajac, A. Changes of Power Output and Velocity During Successive
Sets of the Bench Press with Different Duration of Eccentric Movement. Int. ]. Sports Physiol. Perform. 2020,
15,162-167. [CrossRef] [PubMed]

4. Krzysztofik, M.; Wilk, M; Filip, A.; Zmijewski, P.; Zajac, A.; Tufano, J.J. Can Post-Activation Performance
Enhancement (PAPE) Improve Resistance Training Volume during the Bench Press Exercise? Int. ]. Environ.
Res. Public Health 2020, 17, 2554. [CrossRef] [PubMed]


http://dx.doi.org/10.1139/apnm-2017-0217
http://www.ncbi.nlm.nih.gov/pubmed/28675792
http://dx.doi.org/10.2165/00007256-200939020-00004
http://www.ncbi.nlm.nih.gov/pubmed/19203135
http://dx.doi.org/10.1123/ijspp.2019-0164
http://www.ncbi.nlm.nih.gov/pubmed/30958063
http://dx.doi.org/10.3390/ijerph17072554
http://www.ncbi.nlm.nih.gov/pubmed/32276452

Int. |. Environ. Res. Public Health 2020, 17, 3752 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Golas, A.; Wilk, M.; Stastny, P.; Maszczyk, A.; Pajerska, K.; Zajac, A. Optimizing Half Squat Postactivation
Potential Load in Squat Jump Training for Eliciting Relative Maximal Power in Ski Jumpers. ]. Strength
Cond. Res. 2017, 31, 3010-3017. [CrossRef] [PubMed]

Sale, D.G. Postactivation potentiation: Role in human performance. Exerc. Sport Sci. Rev. 2002, 30, 138-143.
[CrossRef]

Marques, M.C.; van den Tillaar, R.; Vescovi, J.D.; Gonzalez-Badillo, J.J. Relationship Between Throwing
Velocity, Muscle Power, and Bar Velocity During Bench Press in Elite Handball Players. Int. |. Sports Physiol.
Perform. 2007, 2, 414-422. [CrossRef]

Blazevich, A.].; Babault, N. Post-activation Potentiation Versus Post-activation Performance Enhancement in
Humans: Historical Perspective, Underlying Mechanisms, and Current Issues. Front. Physiol. 2019, 10, 1359.
[CrossRef]

Gossen, E.R; Sale, D.G. Effect of postactivation potentiation on dynamic knee extension performance. Eur. J.
Appl. Physiol. 2000, 83, 524-530. [CrossRef]

Kilduff, L.P.; Owen, N.; Bevan, H.; Bennett, M.; Kingsley, M.I.C.; Cunningham, D. Influence of recovery time
on post-activation potentiation in professional rugby players. J. Sports Sci. 2008, 26, 795-802. [CrossRef]
Chiu, L.Z.E; Fry, A.C.; Weiss, L.W.; Schilling, B.K.; Brown, L.E.; Smith, S.L. Postactivation potentiation
response in athletic and recreationally trained individuals. J. Strength Cond. Res. 2003,17, 671-677. [CrossRef]
Farup, J.; Serensen, H. Postactivation Potentiation: Upper Body Force Development Changes after Maximal
Force Intervention. J. Strength Cond. Res. 2010, 24, 1874-1879. [CrossRef] [PubMed]

Hrysomallis, C.; Kidgell, D. Effect of heavy dynamic resistive exercise on acute upper-body power.
J. Strength Cond. Res. 2001, 15, 426—430. [PubMed]

Tsoukos, A.; Brown, L.E.; Veligekas, P; Terzis, G.; Bogdanis, G.C. Postactivation Potentiation of Bench
Press Throw Performance Using Velocity-Based Conditioning Protocols with Low and Moderate Loads.
J. Hum. Kinet. 2019, 68, 81-98. [CrossRef] [PubMed]

Liossis, L.D.; Forsyth, J.; Liossis, C.; Tsolakis, C. The Acute Effect of Upper-Body Complex Training on Power
Output of Martial Art Athletes as Measured by the Bench Press Throw Exercise. J. Hum. Kinet. 2013, 39,
167-175. [CrossRef] [PubMed]

Morales-Artacho, A.J.; Padial, P.,; Garcia-Ramos, A.; Feriche, B. The Effect of the Number of Sets on Power
Output for Different Loads. ]. Hum. Kinet. 2015, 46, 149-156. [CrossRef] [PubMed]

Wilk, M.; Krzysztofik, M.; Gepfert, M.; Poprzecki, S.; Gota$, A.; Maszczyk, A. Technical and Training Related
Aspects of Resistance Training Using Blood Flow Restriction in Competitive Sport-A Review. |. Hum. Kinet.
2018, 65, 249-260. [CrossRef]

Loenneke, ].P.; Pujol, T.J. The Use of Occlusion Training to Produce Muscle Hypertrophy. Strength Cond. J.
2009, 31, 77-84. [CrossRef]

Scott, B.R.; Loenneke, J.P; Slattery, K.M.; Dascombe, B.]. Exercise with Blood Flow Restriction: An Updated
Evidence-Based Approach for Enhanced Muscular Development. Sports Med. 2015, 45, 313-325. [CrossRef]
Takarada, Y.; Takazawa, H.; Sato, Y.; Takebayashi, S.; Tanaka, Y.; Ishii, N. Effects of resistance exercise
combined with moderate vascular occlusion on muscular function in humans. J. Appl. Physiol. 2000, 88,
2097-2106. [CrossRef]

Jessee, M.B.; Mattocks, K.T.; Buckner, S.L.; Dankel, S.J.; Mouser, J.G.; Abe, T.; Loenneke, ].P. Mechanisms of
Blood Flow Restriction: The New Testament. Tech. Ortho. 2018, 33, 72-79. [CrossRef]

Allen, D.G.; Trajanovska, S. The multiple roles of phosphate in muscle fatigue. Front. Physio. 2012, 3.
[CrossRef] [PubMed]

Wilk, M.; Krzysztofik, M.; Filip, A.; Zajac, A.; Bogdanis, G.C.; Lockie, R.G. Short-Term Blood Flow Restriction
Increases Power Output and Bar Velocity During the Bench Press. J. Strength Cond. Res. 2020, 5. [CrossRef]
[PubMed]

Teixeira, E.L.; Barroso, R.; Silva-Batista, C.; Laurentino, G.C.; Loenneke, J.P.; Roschel, H.; Ugrinowitsch, C.;
Tricoli, V. Blood flow restriction increases metabolic stress but decreases muscle activation during high-load
resistance exercise. Muscle Nerve. 2018, 57, 107-111. [CrossRef]

Luebbers, P.E.; Fry, A.C,; Kriley, L.M.; Butler, M.S. The effects of a 7-week practical blood flow restriction
program on well-trained collegiate athletes. J. Strength Cond. Res. 2014, 28, 2270-2280. [CrossRef]


http://dx.doi.org/10.1519/JSC.0000000000001917
http://www.ncbi.nlm.nih.gov/pubmed/29065077
http://dx.doi.org/10.1097/00003677-200207000-00008
http://dx.doi.org/10.1123/ijspp.2.4.414
http://dx.doi.org/10.3389/fphys.2019.01359
http://dx.doi.org/10.1007/s004210000304
http://dx.doi.org/10.1080/02640410701784517
http://dx.doi.org/10.1519/1533-4287(2003)0172.0.co;2
http://dx.doi.org/10.1519/JSC.0b013e3181ddb19a
http://www.ncbi.nlm.nih.gov/pubmed/20543739
http://www.ncbi.nlm.nih.gov/pubmed/11726252
http://dx.doi.org/10.2478/hukin-2019-0058
http://www.ncbi.nlm.nih.gov/pubmed/31531135
http://dx.doi.org/10.2478/hukin-2013-0079
http://www.ncbi.nlm.nih.gov/pubmed/24511352
http://dx.doi.org/10.1515/hukin-2015-0043
http://www.ncbi.nlm.nih.gov/pubmed/26240658
http://dx.doi.org/10.2478/hukin-2018-0101
http://dx.doi.org/10.1519/SSC.0b013e3181a5a352
http://dx.doi.org/10.1007/s40279-014-0288-1
http://dx.doi.org/10.1152/jappl.2000.88.6.2097
http://dx.doi.org/10.1097/BTO.0000000000000252
http://dx.doi.org/10.3389/fphys.2012.00463
http://www.ncbi.nlm.nih.gov/pubmed/23248600
http://dx.doi.org/10.1519/JSC.0000000000003649
http://www.ncbi.nlm.nih.gov/pubmed/32379236
http://dx.doi.org/10.1002/mus.25616
http://dx.doi.org/10.1519/JSC.0000000000000385

Int. |. Environ. Res. Public Health 2020, 17, 3752 12 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Rawska, M.; Gepfert, M.; Mostowik, A.; Krzysztofik, M.; Wojdala, G.; Lulinska, A.; Wilk, M. Does blood flow
restriction influence the maximal number of repetitions performed during the bench press? A pilot study.
Balt. |. Health Phys. Act. 2019, 9-17. [CrossRef]

Krzysztofik, M.; Wilk, M.; Golas, A.; Lockie, R.G.; Maszczyk, A.; Zajac, A. Does Eccentric-only and
Concentric-only Activation Increase Power Output? Med. Sci. Sports Exer. 2020, 52, 484-489. [CrossRef]
Golas, A.; Maszczyk, A.; Zajac, A.; Mikolajec, K.; Stastny, P. Optimizing post activation potentiation for
explosive activities in competitive sports. . Hum. Kinet. 2016, 52, 95-106. [CrossRef]

Wilk, M.; Golas, A.; Zmijewski, P.; Krzysztofik, M.; Filip, A.; Coso, ].D.; Tufano, ].J. The Effects of the
Movement Tempo on the One-Repetition Maximum Bench Press Results. J. Hum. Kinet. 2020, 72, 151-159.
[CrossRef]

Wilk, M.; Gepfert, M.; Krzysztofik, M.; Mostowik, A_; Filip, A.; Hajduk, G.; Zajac, A. Impact of Duration
of Eccentric Movement in the One-Repetition Maximum Test Result in the Bench Press among Women.
J. Sport Sci. Med. 2020, 19, 317-322.

Goldsmith, J.A.; Trepeck, C.; Halle, ].L.; Mendez, K.M.; Klemp, A.; Cooke, D.M.; Haischer, M.H.; Byrnes, RK,;
Zoeller, R.E; Whitehurst, M.; et al. Validity of the Open Barbell and Tendo Weightlifting Analyzer Systems
Versus the Optotrak Certus 3D Motion-Capture System for Barbell Velocity. Int. J. Sports Physiol. Perform.
2019, 14, 540-543. [CrossRef] [PubMed]

Patterson, S.D.; Hughes, L.; Warmington, S.; Burr, J.; Scott, B.R.; Owens, J.; Abe, T.; Nielsen, J.L.; Libardi, C.A;
Laurentino, G.; et al. Blood Flow Restriction Exercise Position Stand: Considerations of Methodology,
Application, and Safety. Front. Physiol. 2019, 10. [CrossRef]

Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; L. Erlbaum Associates: Hillsdale, NJ,
USA, 1988.

Abe, T.; Kearns, C.F,; Sato, Y. Muscle size and strength are increased following walk training with restricted
venous blood flow from the leg muscle, Kaatsu-walk training. J. Appl. Physiol. 2006, 100, 1460-1466.
[CrossRef] [PubMed]

Lixandrao, M.E.; Ugrinowitsch, C.; Laurentino, G.; Libardi, C.A.; Aihara, A.Y.; Cardoso, FEN.; Tricoli, V.;
Roschel, H. Effects of exercise intensity and occlusion pressure after 12 weeks of resistance training with
blood-flow restriction. Eur. J. Appl. Physiol. 2015, 115, 2471-2480. [CrossRef]

Lowery, R.P; Joy, ].M.; Loenneke, ].P.; de Souza, E.O.; Machado, M.; Dudeck, J.E.; Wilson, J.M. Practical blood
flow restriction training increases muscle hypertrophy during a periodized resistance training programme.
Clin. Physiol. Funct. Imaging 2014, 34, 317-321. [CrossRef]

Miller, R.M.; Keeter, V.M.; Freitas, E.D.S.; Heishman, A.D.; Knehans, A.W.; Bemben, D.A.; Bemben, M.G.
Effects of Blood-Flow Restriction Combined with Postactivation Potentiation Stimuli on Jump Performance
in Recreationally Active Men. J. Strength Cond. Res. 2018, 32, 1869-1874. [CrossRef] [PubMed]

Cleary, CJ.; Cook, S.B. Postactivation Potentiation in Blood Flow-Restricted Complex Training.
J. Strength Cond. Res. 2020, 34, 905-910. [CrossRef]

Fujita, S.; Abe, T.; Drummond, M.].; Cadenas, ].G.; Dreyer, H.C.; Sato, Y.; Volpi, E.; Rasmussen, B.B. Blood flow
restriction during low-intensity resistance exercise increases S6K1 phosphorylation and muscle protein
synthesis. J. Appl. Physiol. 2007, 103, 903-910. [CrossRef] [PubMed]

Chaouachi, A.; Poulos, N.; Abed, F.; Turki, O.; Brughelli, M.; Chamari, K.; Drinkwater, E.J.; Behm, D.G.
Volume, intensity, and timing of muscle power potentiation are variable. Appl. Physiol. Nutr. Metab. 2011, 36,
736-747. [CrossRef] [PubMed]

Counts, B.R.; Dankel, S.J.; Barnett, B.E.; Kim, D.; Mouser, J.G.; Allen, K.M.; Thiebaud, R.S.; Abe, T.;
Bemben, M.G.; Loenneke, J.P. Influence of relative blood flow restriction pressure on muscle activation and
muscle adaptation: Relative BFR Pressure. Muscle Nerve. 2016, 53, 438-445. [CrossRef]

Wilk, M.; Krzysztofik, M.; Filip, A.; Lockie, R.G.; Zajac, A. The acute effects of external compression with blood
flow restriction on maximal strength and strength-endurance performance of the upper limbs. Front. Physiol.
2020, in press. [CrossRef]

Golas, A.; Maszczyk, A.; Stastny, P.; Wilk, M.; Ficek, K.; Lockie, R.; Zajac, A. A New Approach to EMG
Analysis of Closed-Circuit Movements Such as the Flat Bench Press. Sports 2018, 6, 27. [CrossRef] [PubMed]
Yasuda, T.; Fujita, S.; Ogasawara, R.; Sato, Y.; Abe, T. Effects of low-intensity bench press training with
restricted arm muscle blood flow on chest muscle hypertrophy: A pilot study: Bench press training with
blood flow restriction. Clin. Physiol. Funct. Imaging. 2010, 30, 338-343. [CrossRef] [PubMed]


http://dx.doi.org/10.29359/BJHPA.11.4.02
http://dx.doi.org/10.1249/MSS.0000000000002131
http://dx.doi.org/10.1515/hukin-2015-0197
http://dx.doi.org/10.2478/hukin-2020-0001
http://dx.doi.org/10.1123/ijspp.2018-0684
http://www.ncbi.nlm.nih.gov/pubmed/30300064
http://dx.doi.org/10.3389/fphys.2019.00533
http://dx.doi.org/10.1152/japplphysiol.01267.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339340
http://dx.doi.org/10.1007/s00421-015-3253-2
http://dx.doi.org/10.1111/cpf.12099
http://dx.doi.org/10.1519/JSC.0000000000002110
http://www.ncbi.nlm.nih.gov/pubmed/28682937
http://dx.doi.org/10.1519/JSC.0000000000003497
http://dx.doi.org/10.1152/japplphysiol.00195.2007
http://www.ncbi.nlm.nih.gov/pubmed/17569770
http://dx.doi.org/10.1139/h11-079
http://www.ncbi.nlm.nih.gov/pubmed/21999296
http://dx.doi.org/10.1002/mus.24756
http://dx.doi.org/10.3389/fphys.2020.00567
http://dx.doi.org/10.3390/sports6020027
http://www.ncbi.nlm.nih.gov/pubmed/29910331
http://dx.doi.org/10.1111/j.1475-097X.2010.00949.x
http://www.ncbi.nlm.nih.gov/pubmed/20618358

Int. |. Environ. Res. Public Health 2020, 17, 3752 13 of 13

45.

46.

47.

48.

49.

Chudecka, M. The use of thermal imaging in the evaluation of the body surface temperature in various
physiological states and in patients with different body composition and varying levels of physical activity.
Cent. Eur. . Sport Sci. Med. 2013, 2, 15-20.

Abate, M.; Di Carlo, L.; Di Donato, L.; Romani, G.L.; Merla, A. Comparison of cutaneous termic response to
a standardised warm up in trained and untrained individuals. |. Sports Med. Phys. Fitness 2013, 53, 209-215.
Formenti, D.; Ludwig, N.; Trecroci, A.; Gargano, M.; Michielon, G.; Caumo, A.; Alberti, G. Dynamics of
thermographic skin temperature response during squat exercise at two different speeds. |. Therm. Biol. 2016,
59, 58-63. [CrossRef]

Ellefsen, S.; Hammarstrom, D.; Strand, T.A.; Zacharoff, E.; Whist, ].E.; Rauk, I.; Nygaard, H.; Vegge, G.;
Hanestadhaugen, M.; Wernbom, M.; et al. Blood flow-restricted strength training displays high functional
and biological efficacy in women: A within-subject comparison with high-load strength training. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2015, 309, R767-R779. [CrossRef]

Kacin, A.; Strazar, K. Frequent low-load ischemic resistance exercise to failure enhances muscle oxygen
delivery and endurance capacity: Ischemic training and muscle endurance. Scand. J. Med. Sci. Sports 2011,
21, €231-e241. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jtherbio.2016.04.013
http://dx.doi.org/10.1152/ajpregu.00497.2014
http://dx.doi.org/10.1111/j.1600-0838.2010.01260.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Participants 
	Familiarization Session and One Repetition Maximum Test 
	Experimental Sessions 
	Blood Flow Restriction 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

